[1] Rivers in east Asia have been recognized as having unusual geometries, suggestive of drainage reorganization linked to Tibetan Plateau surface uplift. In this study we applied a series of major and trace element proxies, together with bulk Nd and single K-feldspar grain Pb isotope ion probe isotope analyses, to understand the sediment budget of the modern Red River. We also investigate how this may have evolved during the Cenozoic. We show that while most of the modern sediment is generated by physical erosion in the upper reaches in Yunnan there is significant additional flux from the Song Lo, draining Cathaysia and the SW Yangtze Block. Nd isotope data suggest that 40% of the modern delta sediment comes from the Song Lo. Carbonates in the Song Lo basin make this a major control on the Red River Sr budget. Erosion is not a simple function of monsoon precipitation. Active rock uplift is also required to drive strong erosion. Single grain Pb data show a connection in the Eocene between the middle Yangtze and the Red River, and probably with rivers draining the Songpan Garze terrane. However, the isotope data G 3
Introduction
[2] Although links between changes in the Earth's climate and the tectonic evolution of the lithosphere have been suggested demonstration and quantification of these interactions has yet to be achieved. The uplift of the Tibetan Plateau and intensification of the Asian monsoon system is one of the most dramatic examples of such interactions acting on a continental scale [Molnar et al., 1993; Prell and Kutzbach, 1992] . If such models are to be tested then independent records of uplift and climate change need to be reconstructed and compared. Constraining the paleoaltitude of Tibet is however difficult. Some progress has been made using improved paleobotanical methods [Spicer et al., 2003] , and in analyzing the oxygen isotope composition of soil carbonate and rainwater [Garzione et al., 2000] in order to derive more quantitative estimates of limited areas of the plateau. Measuring widespread surface uplift is harder.
[3] However, regional surface uplift changes continental topographic gradients, which in turn influence the evolution of river systems in east Asia. In particular, it has been proposed that the Red River (Song Hong) was once the dominant river system in east Asia, and that much of its headwater drainage has been lost as a result of Cenozoic drainage reorganization driven by surface uplift in eastern Tibet [Brookfield, 1998; Clark et al., 2004] . Such a process must affect the volume and compositions of sediments reaching the deltas in east Asia. Thus in theory we might use the sediment record from these deltas to date the timing of widespread uplift.
[4] In this paper we present a series of bulk sediment and single grain geochemical analyses from the modern Red River and from borehole samples from the Red River delta region (Hanoi Basin) in order to assess the degree of source heterogeneity in the modern river basin to pinpoint the source of the modern river sediment, and to see whether major changes in the drainage have occurred in the past. We attempt to resolve the different end-member sources that have supplied, and continue to supply sediment to the Red River. We build on the earlier bulk sediment work of Liu et al. [2007] by sampling the main trunk stream and both minor and major tributaries in order to assess their contributions to the total sediment flux. Each of the samples was analyzed for a series of major and trace elements, and for Sr and Nd isotopes where these data did not already exist. A subsection of the modern and ancient samples were then analyzed for Pb isotopes using both bulk sediment ICP-MS and by ion microprobe on single K-feldspar grains. These methods were chosen because of their proven effectiveness as provenance indicators in numerous modern and ancient catchments worldwide.
[5] Clift et al. [2006b] used thermochronological measurements from sand in the Red River delta to suggest that the bulk of the sand being carried by the modern river is eroded from those regions in the upper catchment, mostly in China now experiencing active rock uplift. This result is consistent with a mineralogical study of fine-grained sediments from along the course of the main Red River [Liu et al., 2007] . These methods and our analyses are based on the contrasting bedrock geology of SE Asia and eastern Tibet. Although much of the region was deformed during the Triassic Indosinian orogeny [Carter et al., 2001; Lepvrier et al., 2004] the region is composed of a series of continental blocks ( Figure 1 ) whose chemical composition, as well as timing and intensity of metamorphism or magmatism differ. These differences are partially transferred to the river sediments, allowing the provenance of the sediment to be reconstructed if the appropriate tool is employed.
Drainage Capture from the Red River
[6] Evidence exists that the Red River has suffered major loss of headwater drainage. Clark et al. [2004] analyzed the nonsteady state drainage patterns in SE Asia to propose a major shift of headwater drainage away from the Red River. Clift et al. [2006a] estimated the volume of sediment in the Song Hong-Yinggehai Basins, located between Vietnam and Hainan Island in the South China Sea. These basins are fed by the Red River, but their volume is far in excess of what has been eroded onshore in the modern Red River drainage. These authors also used the Nd isotope system as a provenance tool to see how the river sediments changed through time. Bulk sediment compositions changed radically up-section throughout the Cenozoic, and achieved Nd isotope compositions close to that of the modern river by the Early Miocene, $24 Ma.
[7] While this might suggest that headwater capture principally occurred during the Oligocene, there is evidence for continued capture in the form of significant Nd isotope variation since that time and a continued mismatch between eroded and deposited volumes of sediment. Although the direction of Nd isotope change is suggestive of loss of the middle Yangtze from the paleo-Red River during the Oligocene [Clift et al., 2006a] , this result is hard to verify because bulk sediment analysis necessarily results in an averaged provenance determination and does not allow the influence of minority sources to be constrained.
Analytical Strategy
[8] Both coarse and fine-grained lithologies were sampled at a series of river bed sites, mostly in Figure 1 . Simplified tectonic terrane map of east and Southeast Asia showing the major blocks discussed in this paper [Metcalfe, 1996] and the courses of the rivers colored in blue.
Vietnam, but also from three locations in China, as well as at the ''first bend'' of the Yangtze (Figure 2 ). This first bend location is important because it samples those regions of Tibet eroded by the upper Yangtze and is proposed as a crucial capture point [Clark et al., 2004] , implying that this flux may have previously been delivered to a paleo-Red River. The Vietnamese samples were collected in May 2005 and the Chinese samples in May 2004, both prior to the onset of the summer monsoon. In Vietnam we target the Song Lo and Song Chay rivers, which erode basement largely associated with the Yangtze and Cathaysia blocks lying NE of the main river (Figures 1 and 3) . We also collected materials from the Song Da, lying SW of the mainstream and eroding the northern parts of Indochina. The Song Da is disturbed by a major dam at Hoa Binh, installed 1979 Binh, installed -1994 , $45 km from the confluence of the Song Da and Red River (Figure 2 ). Although the Song Chay is also dammed at Phu Hien this is considered less important because the Song Lo dominates this system below the Song Lo-Song Chay confluence. Finally a number of smaller rivers were collected close to their confluence with the Red River in order to characterize the chemical diversity of the local basement and to test the hypothesis that most of the sediment in the main river at Hanoi is derived from the tectonically active upper reaches.
[9] As well as modern river samples we sampled sedimentary rocks cored from a number of industrial boreholes located close together near the modern coast of the delta, and which were previously analyzed for Nd isotopes [Clift et al., 2006a] . In each case the depth to formation tops and bottoms are known, and these are defined at the sub-epoch level. We assign a numerical age to these horizons derived from the Berggren et al. [1995] timescale and assume a linear sedimentation rate between the dated horizons. In practice this means significant uncertainty in the numerical age but confidence in the order of the samples and the first-order temporal pattern. Together these samples provide an image of the changing erosional flux in the paleo-river. Because the Red River is confined to a canyon and has relatively small coastal floodplains it is unlikely that the lower reaches of the river were ever far from the modern delta region. Except for at the basin margins the fill of the onshore Hanoi and offshore Song Hong-Yinggehai Basins is considered to be supplied by the paleoRed River, not local sources.
Analytical Methods

Bulk Major and Trace Element Analysis
[10] Major element analyses of bulk sediment samples were obtained by X-Ray Fluorescence at Franklin & Marshall College, Pennsylvania, using a Phillips 2404 XRF vacuum spectrometer. Working curves for each element of interest were determined by analyzing geochemical rock standards, data for which were synthesized by Abbey [1983] and Govindaraju [1994] . Between 30 and 50 data points are gathered for each working curve; various elemental interferences are also taken into account, e.g., SrKß on Zr, RbKß on Y. The Rh Compton peak was utilized for a mass absorption correction. Slope and intercept values, together with correction factors for the various wavelength interferences, were calculated. Burchfiel (unpublished data, 2006) . CB, Chuxiong Basin; SB; Simao Basin.
[11] The amount of ferrous Fe is titrated using a modified Reichen and Fahey [1962] method and loss on ignition was determined by heating an exact aliquot of the sample (1 g) at 950°C for one hour. The X-ray procedure determines the total Fe content as Fe 2 O 3 . Analytical errors associated with measuring major element concentrations range from <1% for Si and Al to $3% for Na. The results of our analysis are shown in Table 1. [12] Trace and rare earth elements (REE) were measured by a PerkinElmer Elan 9000 ICP-MS at Arkansas State University. Analytical precision is typically <2% of the reported concentrations of the individual elements. Uncertainty of the analyses, as determined from duplicate analyses of the samples is generally <3% for the REEs and <5% for the other trace and major elements. We used two U.S. Geological Survey standards to determine the internal and external precision. BCR-1 (basalt rock standard) and SDO-1 (shale standard) were used because the elemental concentrations were known and previous work [Hannigan and Basu, 1998 ] supports the use of the standards in retaining accuracy and maintaining precision in our analyses. We found the published SDO-1 values for the elements under investigation to be within 2-5% of the analyzed results by our ICP-MS methods. Thus, we are confident our analyses have an overall precision and accuracy better than 5%.
Sr and Nd Isotopes
[13] Samples were accurately weighed into PFA Teflon screw-top beakers (Savillex 1 ) and 87 Rb and 84 Sr spikes were added quantitatively in order to allow Rb and Sr concentrations to be determined by isotope dilution. Samples were dissolved using HF-HNO 3 -HCl. The dissolved sample was accurately aliquoted and the smaller (one third) fraction spiked with 145 Nd and 149 Sm. Rb and Sr were separated in 2.5 N HCl using Bio-Rad AG50W X8 200-400 mesh cation exchange resin. A REE concentrate was collected by elution of 3N HNO 3 . Nd and Sm were separated in a mixture of acetic acid (CH 3 COOH), methanol (CH 3 OH) and nitric acid (HNO 3 ) using Bio-Rad AG1x8 200-400 mesh anion exchange resin. Total procedure blanks for Rb, Sr, Sm and Nd were less than 0.5 ng.
[14] Sr samples were loaded onto single Ta filaments with 1 N phosphoric acid. Rb samples were loaded onto triple Ta filaments. Sm and Nd samples were loaded directly onto triple Ta-Re-Ta filaments. Sr samples were analyzed on a VG Sector 54-30 multiple collector mass spectrometer at the Scottish Universities Environmental Research Centre (SUERC) at East Kilbride. An 88 Sr intensity of 1V (1 Â 10 À11 A) ± 10% was maintained. The 87 Sr/ 86 Sr ratio was corrected for mass fractionation using 86 Sr/ 88 Sr = 0.1194 and an exponential law. NBS987 gave 0.710255 ± 20 (2s, n = 21). Rb samples were analyzed on a VG54E single collector mass spectrometer. Three sets of 10 ratios were collected and the mean and standard error computed.
[15] Sm and Nd samples were analyzed on a Micromass IsoProbe multiple collector ICP-MS. 143 Nd/ 144 Nd ratios were measured with a 144 Nd beam of 1V (1 Â 10 À11 A). Six blocks of 20 ratios were collected in the peak jumping mode and corrected for mass fractionation using an exponential law and 146 Nd/ 144 Nd = 0.7219. Background corrections were applied by measuring on peak zeros in the same 5% nitric acid used to dilute the samples prior to each block of 20 ratios. Repeat analyses of the internal laboratory standard (JM) gave 143 Nd/ 144 Nd = 0.511481 ± 15 (2s, n = 21). Nd and Sm concentration (ID) runs were analyzed on a single REE-concentrated solution as three blocks of 20 ratios with ion intensities of >5 Â Figure 4 . Sedimentary log of the drilled sequence in the Hanoi Basin showing the major stratigraphic divisions sampled during this study and their depositional ages. Black arrows indicate the locations of the samples selected for Pb isotope analysis by ion probe. White-headed arrows show the locations of samples analyzed for major and trace elements as well as for Nd isotopes by Clift et al. [2006a] . Nd value of 0.512638 for the Chondritic Uniform Reservoir [Hamilton et al., 1983] .
Pb Isotopes of Detrital Feldspars
[16] In order to understand better the provenance evolution of the Red River we employ the technique of measuring Pb in situ [Layne and Shimizu, 1998 ] in single K-feldspar sand grains using a high-resolution Cameca 1270 ion microprobe at the University of Edinburgh. Although producing analytical uncertainties much greater than the conventional thermal ionization mass spectrometer (TIMS) method, the ion microprobe approach allows isotopic determinations on individual sand and silt-sized particles, which are below the size possible with TIMS. In order to exploit the potential of this method to characterize heterogeneous feldspar populations several analyses were run from each sample in order to define the range of isotopic ratios in a single sample, and to identify small populations of grains with distinct isotopic characters (Table 3) .
[17] Sand and disaggregated sandstones were sieved, after which the 1 mm to 100 mm size fractions was mounted in epoxy and polished using aluminum oxide abrasives. The K-feldspar grains were then identified by area mapping of Al 2 O 3 and K 2 O using the JEOL Superprobe electron microprobe at the Massachusetts Institute of Technology. This allowed the K-feldspars to be identified for isotopic analysis. After gold coating the grains were analyzed using a beam of negatively charged oxygen ions (O -) focused to a spot as small as 15-20 mm. The analyses were calibrated using analyses of glass from standards SRM610 and DR4-2. In addition, 22 repeat measurements were made on a Shap granite feldspar previously characterized by Tyrrell et al. [2006] . Analytical uncertainties are principally a reflection of the counting statistics, typically averaging 2s 1%. The analytical results are shown in Tables 3 and 4. [18] In order to minimize the risk of secondary Pb contamination from sources outside the feldspar, analyses were made in the center of each grain, away from cracks, inclusions or alteration zones. Because we only analyze unaltered material sediment eroded from strongly weathered sources will be underrepresented. Feldspar is susceptible to chemical weathering and breakdown compared to more stable minerals, such as quartz or zircon, so that our method introduces a bias that favors sources experiencing rapid physical weathering. The ion beam was trained on the spot to be analyzed for five minutes before analysis began, so that any surface Pb contamination that might have occurred during preparation of the grains mount was removed. Through probing grain centers and allowing the beam to remove surface coating of the sectioned grains we avoid analysis of excess secondary Pb that is normally removed by leaching procedures prior to conventional mass spectrometry [Gariepy et al., 1985] .
Bulk Sediment Pb Isotopes
[19] Three samples were selected for bulk sediment analysis of Pb isotopes. Approximately 0.3 g of powdered sample were dissolved in a mixture of 3:1 HF and HNO 3 , dried down with concentrated HNO 3 , 6.2N HCl and concentrated HBr before being transferred to vials for column separation. Pb was separated by anion exchange using the HNO 3 -HBr procedure of Galer [1986] Todt et al. [1996] . Results from this work are shown in Table 5 .
Results
Weathering Proxies
[20] The strength of chemical weathering in the Red River basin can be assessed by consideration of the Chemical Index of Alteration (CIA) a proxy developed by Nesbitt and Young [1982] , which is based on the relative mobility of Na, K and Ca in aqueous fluids, compared to immobile Al, which tends to be concentrated in the residues of weathered rocks. CIA is calculated as follows:
[21] CIA is derived from the molecular weights of the oxides. The CaO* value used is only the calcium content from the silicate fraction of the sediment and correction must be made for the carbonate and phosphate contents. No attempt was made to dissolve carbonate before analysis. In this study we follow the method of Singh et al.
[2005] in using P 2 O 5 to correct for phosphate. Subsequently, a correction is made for carbonate based on assuming a reasonable Ca/Na ratio for silicate continental material. If the remaining number of moles after the phosphate correction is still more than the number of Na 2 O moles then this latter value is used as a proxy for CaO* value. Uncertainties in the CIA values are in excess of the 3% uncertainty in the XRF analytical data and can be used only as general proxies for weathering intensity.
[22] Figure 5 shows a map of the Red River basin with the calculated values of CIA marked at their sampling location. Colors are used to distinguish between the trunk river and the different tributaries that contribute to this stream. CIA is quite low in the upper reaches ( Figure 2 ) with a value of 64 being shown near Lao Cai, suggesting that physical weathering is dominating the erosion in the upper reaches. However, some of the smaller tributaries show much higher values of CIA, up to 82, suggesting that chemical weathering is intense along the middle reaches of the river, at least at lower elevations. Low CIA values are also seen in some of the larger tributaries, such as those draining the Day Nui Con Voi (Figure 2 ), indicative of strong physical weathering in the higher ranges.
[23] CIA values recorded by Liu et al. [2007] are mostly higher than those found in this study, but this is mostly a grain size effect, reflecting the focus of that study on muds, while this study is directed more at sands and silts. CIA barely changes downstream from 64 at Lao Cai ( Figure 5 ) to 65 in sands near Hanoi, although higher values are seen locally in the river between these points. Higher CIA values associated with stronger chemical weathering are seen in small tributaries and in the Song Da (66), neither of which appear to dominate the flux in the trunk river. The variability in CIA in each drainage system makes their influence on the bulk flow to the ocean impossible to quantify accurately.
[24] Plotting Si/Ti (a ratio independent of the carbonate content) versus CIA allows the different parts of the Red River drainage to be compared with one another (Figure 6 ). (Table 1) .
[25] Sr isotope character can also be used to trace chemical weathering intensity because this at least partially reflects the weathering intensity in silicates, as well as the proportion of carbonate to silicate in the source regions, i.e., the provenance [Derry and France-Lanord, 1996] . In Figure 7 we Sr of the Red River falls again after its peak just below that confluence, the Sr budget of the river is permanently disrupted by the flux from the Song Lo.
Interpretation of Weathering Data
[26] Our data support the suggestion by Liu et al. [2007] that the Red River is less influenced by chemical weathering than the neighboring Pearl and Mekong rivers. However, by extending the analysis further upstream than before we can see that much of that signal is inherited from erosion in the upper reaches of the catchment, i.e., upstream of Lao Cai (Figure 2 ). High CIA values in some lowland tributaries demonstrate that strong chemical weathering is occurring at lower elevation, but that rivers bringing such material to the mainstream comprise a small proportion of the total clastic load reaching the ocean. Chemical weathering appears to have been quite variable in the past, with generally higher intensities seen prior to 30 Ma and at 6.8 and 13.7 Ma, although lithological variability makes this conclusion weakly supported.
[27] Interpretation of the Sr isotope data is complicated because this isotope system is controlled by both weathering intensity and provenance. Sr is much higher at 0.767424.
Provenance Proxies
Rare Earth Elements
[29] Rare earth element (REE) data from the sediments are best displayed using a multielement diagram normalized against a C1 chondrite standard. In Figure 9 we show the modern river sediment normalized against the values of Anders and Grevesse [1989] . Our analyses show a largely coherent and limited range of REE characteristics. Light rare earth element (LREE) enrichment is ubiquitous, as might be expected for a river eroding a wide area of upper continental crust. There is a common slight Eu depletion and many of the samples are quite similar to one another. A relative enrichment in Gd, Tb and Dy is visible, especially in the sample taken at Hanoi, but is also seen to a less degree in the Song Da and in some of the smaller tributaries (Samples VN05060709 and VN05060804). These samples show a clear slope in the medium and heavy rare earth elements (HREEs). The Song Lo in contrast shows a rather flat pattern in the HREEs, but with a steep relative enrichment in the LREEs.
[30] The REE character of the borehole samples is shown in Figure 10 . For reference we also plot the modern river sand sample from Hanoi. Nearly all the paleo-river sediments show modest LREE enrichment, with the exception of the youngest 6.8 Ma sample (LK 64, 741 m). Relative Eu depletion is less well displayed compared to the modern sediments and is only prominent in Sample LK 200, 2643 m. This pattern is likely the product of mineral sorting removing feldspars from the sand.
[31] In order to compare modern and ancient samples we have plotted a proxy of LREE enrichment (La/Yb) against TiO 2 contents (Figure 11a ). TiO 2 is concentrated in oxide minerals and is a reflection of their contribution to the bulk mineralogy. La/Yb indicates the general degree of LREE enrichment of the whole sediment. Figure 11a shows that the Song Da sediments are somewhat more LREE-enriched than most other sediments in the modern river, but lie close to those from the Chondrite normalized rare earth element figure for sediment taken from the modern Red River. Sediments are divided into groups: those from the southern Song Da system, those from the northern Song Lo and Song Chay system, those from smaller tributaries, and those from the main trunk river. Chondrite values used are from Anders and Grevesse [1989] . Data are shown in Table 1 . 2007GC001867 borehole dated at 37, 12 and 9.1 Ma. The trunk Red River shows a spread of La/Yb values, but has generally higher TiO 2 contents compared to the tributaries. The Hanoi sample shows one of the lowest La/Yb ratios, though close to those from the Song Lo. The very low TiO 2 contents seen in the borehole samples dated at 17, 24 and 33 Ma reflect lithology, as these are generally sandier and more quartz rich. There is no coherent temporal evolution visible in the borehole samples. In practice the REE compositions of the river sediments do not appear to be effective provenance proxies because there is little coherency in the variations.
Geochemistry Geophysics
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Nd Isotopes
[32] Nd isotopes have a long history of application to sedimentary provenance studies because this element is typically not considered as being mobile in aqueous fluids. In addition, weathering and the sediment transport processes are not expected to result in isotopic fractionation. As a result the measured isotopic signature of any given sediment should reflect the bulk composition of the source and is not altered by reaction with water [Goldstein et al., 1984] . The successful application of Nd isotopes to constraining the provenance of fluvial marine sediments eroded from other parts of Neogene Asia [Clift et al., 2006a; Colin et al., 1999; Li et al., 2003] suggests that this method is appropriate for constraining sediment sources in the Red River. Here we synthesize our results with those of Liu et al. [2007] in order to generate a more complete image of Nd isotope variation in the Red River.
[33] Figure 12 shows the range of values in e Nd for all sediments in the Red River basin. There is significant variability in e Nd values along the course of the river, yet the e Nd value of À11.5 seen closest to the delta is only slightly higher than the À10.8 found in the trunk stream at Lao Cai. However, there is significant isotopic variability in the sources and the smaller tributaries. As a rule more negative values (À14.5 to À11.3 and indicative of erosion from older, radiogenic continental crust), are seen in the northern Song Lo and Song Chay, while higher e Nd values (À10.8 to À10.0, associated with more primitive crust), are seen in the Song Da. As might be expected the most extreme values are found in the smaller tributaries, ranging from an e Nd value of À27 to as high as À6. These values indicate small-scale crustal heterogeneity, which is averaged out in the larger catchments. One particularly high e Nd value of À6 suggests the presence of primitive crust; perhaps ophiolites or primitive, mantle-derived lavas, within that catchment. Conversely very low values (e Nd = À27) are equivalent to ancient cratonic crust, such as found in the Yangtze Craton [Chen and Jahn, 1998; Ma et al., 2000] , and is lower than is typical of basement known from the Indochina Block [Lan et al., 2003 ].
[34] Direct comparison of sediment e Nd values with bedrock values is difficult because of the wide variability known from outcrop ( Figure  13a ). Statistical methods can be used to assess the range of possibilities and to determine a ''typical'' fingerprint for each source. It can be seen that many rocks in SE Asia have e Nd values between À18 and À4 but that most sources have significant spread within that range. This makes Nd a less powerful provenance tool in SE Asia than in some areas where there is wider separation between different sources. Nonetheless, downstream variations can be used to constrain sediment budgets. Figure 13b shows that the main Red River evolves from an e Nd value of about À11 near Lao Cai to À11.5 near the delta. Curiously the shifts in e Nd value during the passage rarely seem to reflect the composition measured in the small tributaries, indicating inputs from sources that we have not measured. The overall stability of the e Nd values indicate that the small tributaries do not affect the total budget greatly. As might be expected the composition of the river downstream of the Song Lo confluence is an important exception and demonstrates that this is an important contributor to the net sediment flux.
Pb Isotopes
[35] In order to better understand the provenance of the modern Red River we measured Pb isotopes in situ in single sand grains of K-feldspar using a high-resolution ion microprobe. K-feldspar was chosen because it is a common detrital mineral and contains relative high concentrations of Pb that Table 2 . 2007GC001867 allow accurate isotopic determination. Its use as a provenance indicator has been proven through earlier studies using both conventional thermal ionization mass spectrometer (TIMS) [Hemming et al., 1998; McDaniel et al., 1994] and ion probe [Clift et al., 2002] . In order to exploit the potential of this method to characterize heterogeneous feldspar populations several analyses were run from each sample in order to define the range of isotopic ratios and to identify small populations of grains with distinct isotopic characters. Statistically >50 grains should be analyzed from a mixed sediment to accurately image the diversity at the 95% confidence limit [Ruhl and Hodges, 2005] . Unfortunately we do not have this number of grains here, yet the influence from different end-member sources is still resolvable and even a limited array can be combined with other data to suggest likely provenance solutions, especially with regard to the dominant, if not the minor grain populations.
Geochemistry Geophysics
[36] Figure 14 shows the results from analysis of five modern river sands, four being parts of the Red River system and one from the upper Yangtze. In each case the detrital grain compositions are compared with known isotopic fields for basement rocks in SE Asia, although such data are rather sparse. The locations of the blocks are shown in Figure 1 , except for the Transhimalaya, which lie along the southern edge of Tibet, adjacent to the course of the modern Yarlung Tsangpo, and the Konga Shan, which is a granite massif, located in the SE corner of the Songpan Garze terrane. We also show the mantle arrays for the Indian and Pacific Oceans for reference, and compare with sand samples from the Red River near Hanoi, as well as from the upper reaches of the Mekong and Salween rivers measured by conventional TIMS [Bodet and Schärer, 2001 ].
[37] Our results show a range, which overlaps with that of Bodet and Schärer [2001] , but with some outliers not detected in the earlier study. Our analysis of the Red River in Hanoi shows a significant number of grains plotting with lower 207 Pb/ 204 Pb ratios compared to those found by Bodet and Schärer [2001] (Figure 14d ). More striking is the analysis of the Red River at Lao Cai, where a number of high-quality analyses show little overlap with the Bodet and Schärer [2001] field, but a reasonable match to several of our analyses from the Hanoi area (Figure 14c ). In contrast, the Song Lo shows a dominant grouping of higher 207 Pb/ 204 Pb ratios, distinct from the Lao Cai group, and with great overlap with the analyses of Bodet and Schärer [2001] (Figure 14b ). The Song Lo grains have similar isotope characteristics to those measured from the Lhasa Block, the Konga Shan and the Songpan Garze terrane of eastern Tibet [Roger, 1994; Roger et al., 1995] . Although this river does not erode these regions its Figure 13 . (a) Nd isotopic compositional ranges of possible source terrains in the paleo-Red River. Yangtze Block data are from Ma et al. [2000] and Chen and Jahn [1998] . Indochina data are from Lan et al. [2003] . Cathaysia data are from Chen and Jahn [1998] , Darbyshire and Sewell [1997] , Li et al. [2002] , and Gilder et al. [1996] . Qiangtang Block data are from Roger et al. [2003] , Li et al. [2004] , and Bai et al. [2005] . Songpan Garze block data are from Huang et al. Table 2 for the locations of the samples. Uncertainties shown are 1 sigma. Field for modern Red River is defined from Bodet and Schärer [2001] . Analyses from Songpan-Garze Flysch Belt and the Yangtze Block are from Roger [1994] ; those from the Transhimalaya are from Vidal et al. [1982] and Gariepy et al. [1985] sources are isotopically identical and may be along-strike equivalents.
[38] The isotopic range identified from the upper Yangtze (Figure 14e) Pb ratios, potentially making its influence in a paleo-Red River resolvable from the other source regions.
[39] Analyses of sand grains from a subset of the borehole samples are shown in Figure 15 . In addition to the single grain analyses we show bulk sediment Pb isotope analyses for samples LK 200, LK 41 and LK 81. Surprisingly these latter analyses all plot in a similar place on the all isotope diagrams. Bulk sample analyses do not appear to be closely related to the change distribution of the K-feldspar grains and have limited provenance use. In Figure 15 we compare the sands with the fields defined by the major modern rivers, as well as with the upper Mekong and Salween [Bodet and Schärer, 2001] and basement measurements from the Yangtze Craton [Roger, 1994] , as being potentially representative of areas that were once part of the paleo-Red River, but which have now been lost. Pb ratios (<17.8) that are not common in the modern rivers. This may suggest drainage loss of such sources from the modern system. However, we note that one well defined grain of this composition was found in the modern Song Lo (Figure 14b ) and two less accurately constrained grains of this age were found in the modern Red River sand from Hanoi ( Figure 14d ). As a result drainage evolution is not required to explain their presence in the Eocene and Middle Miocene samples. controls on where the sediment in the modern Red River is being eroded. In this respect they are more useful than the more random REE data. [Chen et al., 1999; Wang and Ye, 2006] . In addition, there is recent uplift of the Song Chay metamorphic dome linked with reversal of motion on the Red River Fault Zone [Replumaz et al., 2001] and which may be responsible for the faster erosion seen in the Song Chay-Song Lo system [Maluski et al., 2001] .
Evolving Drainage Patterns
[43] The Pb isotope data from the boreholes are strongly indicative of drainage capture affecting the Red River since the Eocene. Our new data confirm the suggestion by Clift et al. [2004] that the Eocene contains a minority population of grains with low 206 Pb/ 204 Pb ratios, which are most consistent with erosion from the Yangtze Craton. This would require reverse flow from the middle Yangtze into the Red River [Clark et al., 2004] . However, our work shows that such grains can also be found in the modern Song Lo, though still presumably eroded from the Yangtze Craton. It is the association with low e Nd values in the Eocene and the mismatch in eroded and sedimented volumes [Clift et al., 2006a] in the modern upper Yangtze. Because we do not find grains with that composition in the pre-12 Ma samples there is no compelling case for linking the upper Yangzte to the paleo-Red River at that time. Nonetheless, the isotopic overlap prevents us from excluding the possibility of a connection. We can only conclude that it is not the most likely paleodrainage pattern.
[45] This preferred model is at odds with that proposed Clark et al. [2004] , which predicted both the middle and upper Yangtze as having drained into the Red River at this time. Few Eocene grains even plot in the defined range of the upper Salween and Mekong [Bodet and Schärer, 2001] . If the upper Yangtze did not connect with the Red River then presumably it must have found an alternative route to the ocean via SE Asia. In turn this prevents a connection between the Yarlung, Salween or Mekong with the paleo-Red River, since they could not cross the Yangtze. Within the constraints of our data there is no compelling evidence of erosion from eastern Tibet in these Eocene sandstones, although a connection with the middle Yangtze seems clearer. The data do allow a connection between the Red River and the Upper Yangtze during the Middle and Upper Miocene (Figure 15d ), but this is not required because rocks of this composition are known from the modern upper Red River.
[46] Our new Nd and Pb data can help interpret the Cenozoic Nd evolution seen in the Hanoi Basin [Clift et al., 2006a] . A rise in e Nd values from À17 to À12 between 37 Ma and 24 Ma was interpreted as reflecting loss of the middle Yangtze from the paleo-Red River. Our data show that none of the major rivers in the modern Red River is capable of supplying e Nd of À17. This requires significant flux from a region of low e Nd , such as the Yangtze Craton, to account for the average composition. The rather positive e Nd values seen in the Qiangtang and Cathaysia Blocks means that erosional flux from these regions cannot have been high in the Oligocene. However, average e Nd values of around À15 for the Songpan Garze terrane allows this source to have been important as a sediment source to the Red River during the Eo-Oligocene. Pb isotope data broadly support this paleo-drainage pattern (Figure 16 ), as Eocene grains with high 207 Pb/ 204 Pb values (Figure 15a ) fall within the known Songpan Garze range [Huang et al., 2003a] Pb grains are provided by the Song Lo, which must be captured after 9 Ma into the Red River (Figure 16 ). The paleo-Song Lo presumably formed an independent river flowing to the South China Sea, or was part of the Pearl River.
[48] The combined isotope data indicate that drainage capture has continued through the Cenozoic. Although Clift et al. [2006a] emphasized major capture prior to 24 Ma we show that sediment composition continued to change after that time, even since 9 Ma. This is consistent with the continued mismatch between eroded and deposited volumes of sediment that require the paleo-Red River basin to have been much larger in the past [Clift et al., 2006a] . Although initial topographic uplift of the paleo-Red River basin must have initiated in the Oligocene, as eastern Asia reversed its regional tilt from westward to eastward , the uplift continues to the present day. There is a general trend of surface uplift becoming younger to the southeast. While gorge cutting in Sichuan has been used to date major uplift there starting at 13 -9 Ma [Clark et al., 2005] , uplift in the region of the modern Red River is Pliocene and younger [Schoenbohm et al., 2006] . Thus continued drainage capture is a logical outcome of the continuously changing topography in SE Asia during the Cenozoic.
Crustal Heterogeneity
[49] Our data provide additional constraints on the nature of crustal heterogeneity in SE Asia. Nd isotopes show a wide variation at small scales but similar averages over wider regions. e Nd values of the Mekong and Red River deltas are À10.1 and À11.5 [Clift et al., 2006a] is around À10.5 Yang et al., 2007] . This is a very tight range compared to rivers in south Asia and suggests that with the important exception of the Yangtze Craton much of eastern Asia has similar Nd isotope characteristics. Although the different blocks are separated from one another by Cenozoic and Mesozoic suture zones the Nd isotopes indicate similar timing and processes of crustal generation.
[50] The Nd analysis of Red River tributaries reveals crustal heterogeneity on a variety of scales. Small-scale crustal blocks are revealed within the Day Nui Con Voi, close to the Red River Fault Zone and site of an earlier Triassic suture zone [Metcalfe, 1996] . The presence of very low e Nd values (down to À27) SW of the Red River Fault Zone suggests the presence of fragments of ancient crust, likely Yangtze Craton, in that region. The Song Lo and Song Chay show contrasting Nd, Sr and Pb isotope characteristics compared to the main Red River, especially in its upper reaches, and with the Song Da to the SW. This pattern demonstrates the geochemical separation of Indochina from China and the differences between the Yangtze Craton and most of Tibet. K-feldspar grains from the Song Lo have similar Pb isotope characteristics to those measured from the Lhasa Block, the Konga Shan and the Songpan Garze terrane of eastern Tibet [Roger, 1994; Roger et al., 1995] . This may reflect their similar origins as Gondwana crustal blocks accreted to Asia and forming an active margin prior to India-Asia collision.
[51] The Songpan Garze moderately differs in isotope character from the surrounding blocks, reflecting its mixed erosional origin as an accretionary complex sandwiched between north China and the Yangtze Craton [Weislogel et al., 2006; Zhou and Graham, 1996] . It is also noteworthy that the Pb isotope characteristics of K-feldspar grains from the upper Yangtze are quite different from those measured in the upper Mekong and Salween River. While Bodet and Schärer [2001] demonstrated an isotopic overlap of these latter rivers, the upper Yangtze has lower Pb ratios compared to those drainages. We conclude that the northern Qiangtang Block has a unique petrological and tectonic history compared to the central and southern regions drained by the Mekong and Salween. Field studies have shown that the north comprises accreted oceanic arc units (e.g., Yidun arc [Reid et al., 2005] ) and accretionary complexes [Kapp et al., 2000; Li and Zheng, 1993] .
Conclusions
[52] The data presented here reveal a more detailed understanding of erosion processes in the Red River basin than previously possible. REE data do not appear to be effective provenance poxies. CIA values show no coherent evolution downstream from Lao Cai to Hanoi. This and other proxies for weathering shows that little sediment is added to the trunk river from small streams draining the Day Nui Con Voi in the middle reaches. Chemical weathering measured by CIA appears to be stronger in the Song Da and Song Lo basins. The Song Lo and Song Chay have an especially dramatic effect on the Sr budget of the river. This partially reflects stronger chemical weathering, but is largely a provenance effect, linked to the abundance of Paleozoic carbonates in that region. We calculate that 25% of the Sr reaching the ocean is derived from the Song Lo.
[53] The new Nd and Pb data support the suggestion that most of the erosion in the modern Red River occurs in its upper reaches [Clift et al., 2006b; Liu et al., 2007] . However, our work now highlights the importance of the Song Lo, which supplies 40% of the Nd budget to the delta. Pb isotopes too show how the composition of the trunk river changes downstream of the Song Lo confluence, most notably a shift to higher 207 Pb/ 204 Pb ratios. The strongest erosion is not located where monsoon rains are heaviest, but only where these are also associated with active rock uplift.
[54] Analysis of Pb isotopes in sedimentary rocks from the Hanoi Basin demonstrates that drainage capture affected the Red River basin during the Neogene, as well as in the Oligocene, as earlier demonstrated by Nd isotopes [Clift et al., 2006a] . Bulk sample Pb analyses do not appear to be closely related to the range found in K-feldspar grains and thus have limited provenance use. with both Pb and Nd data. Pb compositions typical of grains in the modern Song Lo are not seen until after 9 Ma. Capture of the Song Lo into the Red River may have postdated 6.8 Ma. Prior to this time the Song Lo must have been independent or drained into the Pearl River.
[55] We conclude that combined trace element and isotopic studies can be effective at constraining erosion patterns in modern river systems, but that single isotope systems alone are less powerful. In east Asia Nd is less useful than in south Asia because so many of the sources have similar isotope characters, with the exception of the Yangtze Craton and Cathaysia block.
